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TECHNICAL NOTE
An in vitro method for the determination of protein turnover in
incubated proximal tubule segments
ROBERT MAY, BRIAN LOGUE, BYRAD EDWARDS, and SWATI PATEL
Renal Division, Emory University School of Medicine, Atlanta, Georgia, USA
Understanding the growth of a tissue ultimately requires that
one understand the mechanisms whereby protein mass may be
changed, the nature of the signal for change, and the effector
pathways mediating the growth in response to the signal.
Protein mass may be altered by modulating the determinants of
protein turnover, namely the rates at which proteins are syn-
thesized (PS) and degraded (PD). These determinants are
incompletely characterized in kidney tissue, especially in states
of hypertrophy. In other tissues, release of an unmetabolized
amino acid has been used as a marker for quantifying the net
degradation of intracellular proteins [1]. This strategy has
yielded valuable insights concerning the overall rate of muscle
proteolysis in several models of increased catabolism [2—5].
One of the impediments to the study of protein breakdown in
kidney has been the lack of identification of an analogous amino
acid which could serve as a suitable marker for net protein
degradation in this tissue. Hence, prior attempts at estimating
protein turnover in kidney have been largely qualitative in
scope [6—81. Nevertheless, it has been estimated that 30% of
renal cortical proteins turn over each day [61 highlighting the
potential impact that even slight changes in protein turnover
might have on renal cortical mass. We report a method for
simultaneously quantitating the determinants of protein turn-
over in incubated proximal tubule segments. Net PD is mea-
sured as the change in media lysine while PS is measured as the
rate of incorporation of L-[U-14C1 phenylalanine into protein.
The utility of this method is underscored by applying this
method to the state of renal growth induced by high-protein
feeding.
Kidneys from anesthetized male Sprague-Dawley rats were
flushed with heparinized saline and Kreb's Henseleit buffer
(KHB) pH 7.4, and perfused through an aortic cannula in a
water-jacketed perfusion chamber with KHB containing 0.08%
collagenase and hyaluronidase at 10 ml/min for 8 to 10 minutes.
Renal cortices were finely minced and incubated in perfusion
media for an additional five minutes, strained through a 1 mm
metal screen, tubule segments pelleted at 200 x g for two
minutes, and washed x 3 with KHB, 5 m EDTA, 1 TIU/ml
aprotinin, and 1% BSA at 4°C. Proximal tubules were isolated
by gradient density centrifugation [9].
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Marker enzyme activities from the proximal tubule (PT)
fraction were compared with less-dense (LD) fractions and
confirmed the preponderance of proximal tubules in the suspen-
sion. Alkaline phosphatase (1138 PT vs. 428 mU/mg LD),
gamma-glutamyl transpeptidase (1104 PT vs. 353 mU/mg LD)
and the distal marker, hexokinase (7 PT vs. 62 mU/mg LD)
were assayed spectrophotometrically [10—12]. ATP was mea-
sured spectrophotometrically [13] and remained constant dur-
ing incubation (8.7 1.2, preincubation; 9.3 1.4, 30 minutes;
9.5 2.0, 60 minutes, 9.3 0.2 nmol/mg protein, 90 mm,
N = 3). These values are similar to those of Gesek, Wolff and
Strandhoy [9], and compare favorably with those of others [14,
15]. Similarly, 90 to 95% of tubules excluded Trypan blue up to
120 minutes [16]. The release of lactic dehydrogenase (LDH)
into the media was measured spectrophotometrically [17]; after
the preexperimental period 8.6% of the total LDH activity was
released into the media, and after 120 minutes 6.5% of the total
LDH activity was present in the media and an additional 2.5%
of the cells were no longer impermeant to NADH [17].
Tubules were preincubated for 30 minutes and then divided
into four to eight equal aliquots containing 5 to 10 mg tubule
protein/flask, and incubated in siliconized flasks for 30 to 120
minutes at 37°C under 95/5 (02/C02). After incubation, PT were
washed in 10 ml iced KHB, repelleted, and homogenized in 1 ml
10% PCA. The supernatant was used for amino acid determi-
nation and tubule protein was solubilized overnight at 37°C in 1
ml 1 N NaOH and used for tubule protein determination [18],
and radioactive amino acid incorporation by liquid scintillation
counting (LSC). The media was minimal essential media lacking
lysine and was used for both preexperimental and experimental
incubations, the latter containing L-[U-'4C1 phenylalanine (0.01
Ci/ml). Less than 5% of the radioactivity present in media
after 90 minutes of incubation migrated with tyrosine, and
intracellular Phe specific radioactivity (SA) was within 95% of
the media SA by 30 minutes of incubation. Protein synthesis
rates were calculated by the rate of incorporation of L-[U-'4C]
phenylalanine into tubule protein divided by the media phenyl-
alanine specific radioactivity. Lysine was measured using either
phenylisothiocyanate (PITC) or 9-fluorenylmethyl chiorofor-
mate (FMOC) precolumn derivatizations [19, 20] which yielded
identical results. Amino acids were separated by reversed-
phase HPLC, and quantitated in comparison to external stan-
dards using either spectrophotometric (PITC) or spectro-
fluorometric (FMOC) detection. In a preliminary experiment
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Fig. 1. Tubule suspensions were incubated for 30, 60, and 90 minutes
in MEM lacking lysine after a 30-minute pre-experimenta! period.
Lysine from media and tubule supernatants was derivatized with
FMOC, separated by reversed-phase HPLC, and quantitated in com-
parison with lysine external standards of known concentration. Free
lysine pools in media (solid bars) are compared with free intracellular
lysine (open bars).
PT from two rats were pooled, preincubated in MEM contain-
ing 100 xM lysine and then switched to flasks with 5 ml of
identical media but containing L-[U-'4C] lysine (0.2 Ci/ml) for
up to 90 minutes. The media from the tubule incubations was
transferred to a stoppered flask with a hanging well containing
0.2 ml phenethylamine to measure 14C02 evolved after injecting
0.4 ml 70% PCA [5]. Lysine oxidation was calculated by the
'4C02 production divided by the intracellular lysine SA and was
0.191 nmol Lys/mg protein which represents <1% of the lysine
released into the incubation media. The media was clarified
with 5 N KOH, and the flux of radioactivity into other metab-
olites of lysine was measured by collecting individual fractions
of the media and PT supernatant. Fractions containing radio-
activity which did not coelute with the lysine analytical peak
were quantitated by LSC. We were unable to detect any
quantitatively important intracellular metabolites of lysine after
correcting for nonderivatized lysine (4 1%, N 4). Lysine
release reflected net release of lysine from intracellular protein
stores since <3% of media lysine was due to changes during the
incubation in the intracellular free lysine pool (Fig. 1). Thus
>95% of the lysine released from tubule proteolysis is recov-
ered as media lysine. Lysine release was unaffected by 1% BSA
(Fig. 2), indicating that media lysine is due to proteolysis of
intracellular proteins and no appreciable extracellular proteo-
lytic activity is present. This method for PD was compared with
PD calculated from release of L-[U-14C] lysine from PT isolated
from rats given 25 Ci L-[U-'4C] lysine i.v. 48 hours before.
Media lysine changes were compared to changes in % radioac-
tivity released at 120 versus 60 minutes of incubation. Either
method yielded identical results (145 10%, 120 vs. 60 mm,
Lys release, and 144 12, 120 vs. 60 mm, prelabelled stores, N
= 5). To examine the impact of reincorporation of lysine into
protein, we measured lysine release 0.5 mrs cycloheximide
which inhibited PS and found no apparent difference (19 5
cycloheximide, vs. 21 6 nmol Lys/mg protein/hr, control;
N = 6). Moreover, PS measured with L-[U-14C] lysine was
indistinguishable compared with PS measured by L-[U-'4C1
phenylalanine incorporation (Lys/Phe ratio = 1.02 0.08, N =
11); PS can be added to net PD to give total PD.
We applied this method to renal growth created by pair-
feeding male Sprague-Dawley rats isocaloric diets containing
50% or 5% casein for three to four weeks. In another cohort
treated identically, renal cortices were used for protein [18],
DNA [21], and mean cell diameter (Coulter) determinations.
High protein feeding caused a 55% increase in kidney weight
and a 51% increase in cortical protein content without affecting
the protein/DNA ratio or mean cell diameters (Table 1). Net PD
was dramatically increased by low-protein feeding (Fig. 3) as
was total PD since reincorporation was slightly higher in the
low-protein fed PT (Fig. 4).
Discussion
The described method of tubule isolation resulted in a high
yield of viable tubules as demonstrated by Trypan blue exclu-
sion, cellular ATP content, and of LDH release. Since the renal
cortex is 80% PT by mass [9], and enzyme markers indicate a
three- to eightfold enrichment, we estimate that 93 to 98% of
tubules in our preparations were PT. The PT yield was adequate
to examine protein turnover of tubules isolated from individual
rats.
Quantitation of PS requires that the SA of the amino acid
precursor pool be accurately determined. It is unclear whether
extracellular or intracellular SA better reflects tRNA charging.
Indeed, the pertinent precursor pool may vary between tissues
[22, 23]. These uncertainties are minimized by the homogeneity
of the tubule population studied, and by rapid equilibration
between intra- and extracellular phenylalanine SA in our prep-
aration.
In muscle, release of tyrosine has been used to quantitate net
PD since it is neither synthesized nor degraded in muscle and
intracellular tyrosine levels do not change during the course of
0
E
C
a,0
a-
15
10
5
0
E
24
16
8
30 60 90
Incubation time, minutes
30 60 90
Incubation time, minutes
Fig. 2. Tubule suspensions were incubated for 30, 60, and 90 minutes
in MEM lacking lysine with (solid circles) or without 1% albumin (open
squares).
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Table 1. Body weight, renal cortical weight, protein, and DNA, and mean proximal tubule cell diameter in rats fed high vs. low protein diets
Rat wt Kidney wt
Cortex Cell
diameter
pin
Wt
g
Pro/DNA
mg/jxgg
High protein 393 ll 1.83 0.09 0.95 0.05 26.6 4.2 18.3
Low protein 296 8 1.18 0.02 0.63 0.02 27.9 3.7 16.6
Rats weighing 235 to 260 g were paired by weight and pair-fed isocaloric diets containing 5 or 50% casein for 3 to 4 weeks. Body weight, kidney
and renal cortical weights, and renal cortical protein to DNA content ratios were measured in at least 6 rats from each group. Mean cell diameter
was obtained from pooled trypsinized proximal tubules from 2 rats in each group.
aP < 0.01 vs. control
Incubation time, minutes
Fig. 3. Proximal tubule segments from rats fed low protein (striped
bars) or high protein (solid bars) were incubated in MEM with or
without 10 mU/mi insulin. Rates of net protein degradation are ex-
pressed as lysine released into the media. Results are expressed as
means SEM for tubules from 10 rats from each group. < 0.05 vs.
high protein.
incubation [1]. We have established that lysine can be used
similarly in PT since <2% of lysine is metabolized, <3% of
media lysine is due to release from intracellular free pools (Fig.
1), and lysine release is unaffected by exogenous protein
substrates (Fig. 2). We elected not to measure the various
described metabolites of lysine since, for the purposes of using
lysine release as a marker of net protein degradation, it was
necessary only to get an estimate of the total rate of lysine
breakdown. Estimates of PD using this method compared
favorably with estimates derived using prelabeled tubule pro-
tein despite the significantly reduced costs. Only a small frac-
tion of the lysine released from proteolysis is reincorporated
into protein and this amount can be estimated by the phenyl-
alanine incorporation.
During the short-term incubation conditions employed for
these experiments, the tubules are undergoing net catabolism
similar to other incubated tissues [24—26], suggesting that incu-
bation conditions do not fully reproduce conditions in vivo.
Whether plasma factors, nerve tone, etc., are responsible for
these differences remains unclear. Regardless, in vitro study of
Basal Insulin
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Fig. 4. Proximal tubule segments from rats fed low protein (striped
bars) or high protein (solid bars) were incubated in MEM with or
without 10 mU/mi insulin. Rates of protein synthesis are measured as
the incorporation of L-[U-'4C] phenylalanine into tubule protein. Re-
sults are expressed as means SEM for tubules from 10 rats from each
group. < 0.05 vs. high protein.
protein turnover in other tissues has yielded insights into
controls of protein turnover, and how they are impacted upon
by pathophysiologic states [2—4, 27]. Lysine released during
short-duration incubations results largely from the turnover of a
pool of short-lived proteins, which may differ from longer-lived
proteins. However, we found a striking increase in tubule
proteolysis induced by low-protein feeding. This suggests that
changes in the rate of turnover of short-lived proteins may be
pertinent to tissue growth, or that this method is able to
measure a significant contribution from longer-lived proteins
which are affected during periods of growth. These explana-
tions are not mutually exclusive.
Prior studies that have examined the determinants of protein
turnover in kidney have been largely qualitative in scope [6—8],
or quantitative using immortalized cell lines originating from
renal epithelia [28, 29], Application of similar methodology
employed in the tissue culture studies to intact tissues would
require that renal cortical proteins be labeled in vivo which
would add considerably to the cost of the analyses. Neverthe-
less, there appears to be no alternative to prelabeling proteins
followed by variable chase periods to examine the turnover rate
of groups of proteins with longer half-lives. Such studies would
be complementary to the present method which likely examines
predominantly short-lived proteins.
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A number of important intracellular proteases have been
shown in other tissues to exert an effect on the rate of
proteolysis. In liver, lysosomes play an apparently major role in
the control of intracellular proteolysis [301, whereas in muscle
the contribution of the lysosomal system to the control of
intracellular proteolysis may be less [3]. Other less well char-
acterized systems include calcium-dependent cytosolic pro-
teases [31], a fatty-acid stimulated protease [32], ATP-depen-
dent and ubiquitin-dependent and independent proteases [33,
34]. These systems have not been examined as to their relative
contribution to proximal tubule intracellular proteolysis except
for the apparent preeminence of the lysosomal system in
mediating the breakdown of filtered proteins [35]. However,
with the ability to quantitate the net rate of protein breakdown
in proximal tubules, it should be possible to begin to examine
the relative importance of these proteolytic systems by exam-
ining how PD is affected by cell-permeable inhibitors specific to
particular pathways of intracellular proteolysis.
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